RESEARCH has by necessity been restricted to performing measurements on samples drawn from the blood rather than from the more relevant intercellular space. Concentrations in the blood of different substances may not reflect the concentrations at the cellular level depending, for instance, on degree of protein binding, capillary permeability, and kinetic differences in the various distribution volumes. Until recently, measurements in the intercellular water space in vivo have been limited to compounds that can be detected by electrodes and/or biodetector enzyme systems. A major opening in this field were the recent findings that in situ microdialysis of the rat brain could be used to measure metabolic events at the cellular level (1, 3). The technique is atraumatic to the tissue and permits stable dialysis conditions for several days (1, 3). However, to calculate the tissue concentrations of the different compounds measured it has been assume1 that the recovery in the perfusate of a certain concentration gradient across the dialysis membrane in vivo is equal to that obtained in the calibration experiments performed in vitro (1, 3).
In the present study we have used for the first time the in vivo tissue-dialysis technique in human subjects. A simple method to characterize the true recovery of any compound measured by the microdialysis technique in vivo has been developed.
METHODS
Subjects. Ten healthy male students of normal weight, age 23-34 yr, participated in the study and were investigated at one or two occasions. All subjects gave their informed consent and the study was approved by the Ethical Committee of the University of Gothenburg.
Subcutaneous tissue dialysis. A single dialysis tubing (30 x 0.3 mm, Cuprophan B4AH, 3,000 MW cutoff, Cobe, Denver, CO) was glued to a nylon tubing with cyanoacrylate and sterilized. The outlet of the nylon tubing had a standardized length of 50 mm (Fig. 1A) . The subjects were investigated in the supine position after fasting overnight. By use of a fine cannula, the dialysis probe was placed in the periumbilical subcutaneous tissue (Fig.  1B) . No anesthesia of the skin was required. The inlet of the nylon tubing was connected to a precision pump (SAGE Instruments, Boston, MA) and perfused with isotonic saline at a rate of 2.5 pl/min. After an equilibration period of 30 min, the dialysate was collected in 6-min fractions. Venous blood samples were drawn from a polyethylene catheter placed in the cubital vein.
Glucose analysis. The glucose concentration in plasma and dialysate was measured with the glucose oxidase method (Kabi, Stockholm, Sweden). Deproteinized plasma or dialysate was added and the absorbance measured in a spectrophotometer at 450 nm.
Characterization of dialysis probe in vitro. To characterize the dialysis probe, the catheter was placed in a saline solution with different concent,rations of glucose.
As shown in Fig. 2 the percentage recovery of glucose in the dialysate in vitro was constant (44 t 2%, mean t SE) over the concentration range tsted. The sensitivity of the dialysis probe to record ~pid changes of the glucose concentration was studieti 5y switching the cath-. eter from 5 to 10 mM glucose. When 2-min fractions were collected 16% of the change in t(he glucose concentration was recorded in the perfusate after 2 min and 97% after 4 min (Fig. 2B ). Thus 72% of an immediate change of the glucose concentration in the surrounding medium will be recorded in a 6-min fraction (Fig. 2C) , whereas 100% of an ongoing change will be detected after the line (Fig. 3) . The linear regression analyses were based on four to five different concentrations using the least squares method. The extracellular glucose concentration was calculated when the correlation coefficient was 0.9 or greater. This was the case in at least 90% of the experiments. 8 min at the latest.
Estimation of intercellular glucose concentration. The glucose concentration in the dialysate mirrors the recovery of the glucose gradient by the dialysis membrane. Because the recovery of glucose in vitro was constant over a glucose concentration range of 0.254 mM, provided that the flow rate of the dialysis fluid is constant, a linear relationship is established between the glucose concentration in the perfusate and the concentration gradient over the dialysis membrane. If, then, the dialysis probe is perfused with different concentrations of glucose, a linear relationship is established between the net increase of the glucose concentration in the perfusate and the concentration of glucose in the inlet of the tubing (Fig. 3) . By using regression analysis the concentration of glucose in the probe not resulting in any net influx of glucose in the perfusate can be calculated. At this glucose concentration the gradient across the dialysing membrane is zero, and thus the glucose concentration is in equilibrium with that of the surrounding tissue. The mean recovery of glucose is obtained from the slope of conditions. Figure 4 depicts results from four experiments where the subjects were investigated with two dialysis Intercellular glucose concentration under steady-state probes placed on each side of the umbilicus. Each probe was perfused with four to five different glucose concentrations. The equilibrium glucose concentration was in each subject similar to the glucose concentration in the cubital vein. The mean difference of the glucose concentration in the tissue and blood was 6 t 1% (mean t SE). If the result from each dialysis probe was counted as a single experiment, the relative difference was 12 t 2% (n = 8). The mean recovery of the glucose gradient across the dialysis membrane was 22 t 2%. As shown in Fig. 4 , the points when the dialysis probe was perfused with saline without glucose were below the regression line in all four subjects. In this situation the recovery of glucose is lower than the mean (20 t 1%, n = 8). When the linear regression analyses were performed without these measure points, the mean recovery increased to 28 t 2%. In addition, the accuracy of the calculated tissue glucose concentration was improved because the mean difference between the blood and tissue glucose concentrations was only 8 t 3% (n = 8) when the measurements were performed with glucose in the perfusate. gives the dialysis recovery of the compound. culated on a presumed constant glucose recovery of either 20 or 28% (when the probe was perfused with 0 or 3 mM glucose, respectively). A reasonably good estimate of the tissue glucose concentration was possible in short-term measurements without glucose added to the perfusate, because the mean relative difference between the tissue and the venous blood glucose concentration was 12 t 2% irrespective of the concentration in the perfusate (Table  1) .
DISCUSSION
The present study demonstrates for the first time the
The glucose concentration in the subcutaneous tissue usefulness of the microdialysis technique for characterwas equal to that in venous blood under steady-state izing the intercellular water space in humans in vivo. Measurements of glucose were performed to validate the method, because glucose equilibrates rapidly in its distribution volume and comparisons could be made between tissue and venous blood concentrations as long as strict steady-state conditions are present.
To adequately measure the intercellular concentrations it is essential that the dialysis probe is properly calibrated in vivo. Recovery of glucose was much smaller when the calibration experiments were performed in vivo than in vitro. It was also found that the recovery was a function of the concentration gradient across the dialysis membrane. These characteristics of the dialysis probe have previously not been taken into account (1, 3) but must be adequately dealt with to calculate the intercellular concentrations properly. The present study shows that the problems are easily handled by changing the concentration equilibrating in the perfusate before dialysis.
The mechanisms for the change in recovery as a function of the concentration gradient across the dialysis membrane are unclear. It could be speculated that the net inflow of glucose in this situation is sufficiently large to drain the intercellular water space of glucose. This, in turn, would give rise to local concentration gradients in the tissue. However, a good estimate of the tissue glucose concentration was possible under steady-state conditions when the tissue was dialysed with saline alone, without any addition of glucose. Further support for the maintenance of steady-state conditions also in the presence of a high concentration gradient across the dialysis membrane was the observation that the glucose recovery was highly reproducible (20 & l%, n = 8). Furthermore, control experiments have shown that the recovery of glucose remains constant for at least 1 h in the presence of a large concentration gradient across the dialysing membrane (data not shown). Thus tissue depletion of glucose does not appear to occur under steady-state conditions. When microdialysis was performed with a small concentration gradient (l-4 mM glucose added to the perfusate) steady-state conditions were also maintained. This was shown in several experiments performed for 3 to 4 h by the linear relationship between net influx of glucose and the concentration gradient. 
